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1.  Introduction 


Lithium  (Li)-ion  batteries  are  currently  one  of  the  leading  energy  storage  technologies.  However, 
as  energy  demands  continue  to  rise,  a  higher  energy  density  battery  is  needed  to  meet  the  energy 
storage  needs  of  the  future.  In  particular,  the  US  Army  is  interested  in  the  development  of  high- 
energy-density,  lightweight,  robust  battery  systems  for  the  battlefield.  Li-air  batteries  have  been 
the  focus  of  many  recent  research  studies  since  the  Li-air  battery  can  have  up  to  10  times  higher 
energy  density  than  current  Li-ion  batteries.^  However,  many  technical  challenges  must  be 
addressed  for  Li-air  batteries  to  serve  as  a  viable  replacement  for  Li-ion  batteries. 

One  of  the  current  issues  with  Li-air  batteries  is  the  low  ionic  conductivity  of  the  membrane  that 
separates  the  2  electrolyte  chambers.  The  hybrid  Li-air  battery  is  shown  schematically  in  Fig.  1, 
with  the  membrane  material  indicated  by  the  large  arrow.  This  electrolytic  membrane  must  have 
low  electrical  conductivity,  good  chemical  stability,  mechanical  robustness,  and  a  high  Li-ion 
conductivity  to  allow  Li  ions  to  flow  from  the  anode  to  the  cathode. 


Fig.  1  Hybrid  Li-air  battery,  showing  the  Li 
anode,  porous  “open-air”  carbon 
cathode,  2-stage  electrolyte,  and 
electrolytic  membrane 

Both  low  electrical  conductivity  and  high  Li-ion  conductivity  are  required  for  efficient  battery 
operation,  while  the  chemical  stability  and  mechanical  robustness  are  needed  for  the  reliability 
and  safety  of  the  battery.  The  mechanical  requirements  of  the  battery  membrane  materials  are 
particularly  important  for  batteries  that  will  be  used  on  the  battlefield  or  in  other  harsh 
environments.  One  of  the  most  promising  candidates  for  the  membrane  material  is  lithium 
lanthanum  titanate,  Li3xLa(2/3)-xTi03  (LLTO),  due  to  its  extremely  high  lattice  conductivity. 
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We  will  focus  on  LLTO  with  x-O.l  1  (Lio.BBLao.ssTiOs)  since  previous  work  indicates  that  LLTO 
ceramics  with  this  composition  exhibit  the  maximum  lattice  conductivity.  While  the  lattice 
conductivity  of  these  LLTO  ceramics  is  very  high,  the  total  conductivity  is  limited  by  the  grain¬ 
boundary  conductivity,  which  is  often  much  lower  than  the  lattice  conductivity  (often  by  2-4 
orders  of  magnitude  or  more).  The  low  conductivity  observed  in  LLTO  ceramic  materials  is 
thought  to  arise  from  3  main  factors:  Li  deficiency,  low  density,  and  high-resistivity  grain 
boundaries.  These  3  factors  are  all  interrelated;  for  example,  porosity  in  the  grain  boundaries 
lowers  the  overall  density  as  well  as  contributes  to  the  low  grain-boundary  conductivity.  In 
addition,  the  synthesis  and  processing  of  LLTO  is  especially  complicated  because  varying 
certain  processing  parameters  may  increase  conductivity  through  one  mechanism  while 
simultaneously  decreasing  the  conductivity  through  a  different  process.  Sintering  at  higher 
temperatures  may  increase  the  density  (thus  increasing  conductivity)  but  may  also  lead  to  Li  loss 
through  volatilization  of  Li20  (thus  decreasing  conductivity). 

Recently  there  has  been  significant  effort  toward  improving  the  grain-boundary  conductivity  in 
LLTO  and  related  ceramic  membrane  materials.  The  low  grain-boundary  conductivity  is 
believed  to  be  caused  by  a  bottleneck  of  Li-ion  flow  at  the  grain  boundaries  and  the  surrounding 
grain  boundary  regions."^  One  method  to  increase  the  grain-boundary  conductivity  is  to  increase 
the  density  of  the  ceramic,  approaching  the  theoretical  density.  Density  optimization  is  expected 
to  enhance  grain-boundary  conductivity  because  recent  transmission  electron  microscopy  results 
on  LLTO  indicate  that  most  of  the  porosity  exists  at  the  grain  boundaries.  By  optimizing  the 
density  and  eliminating  the  majority  of  the  grain  boundary  porosity,  the  grain-to-grain  contact  is 
enhanced  through  increased  surface  area  at  the  grain  boundaries.  This  increased  surface  area 
should  enhance  the  Li-ion  diffusion  pathways  at  the  grain  boundaries;  minimization  of  the 
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detrimental  grain  boundary  second  phase  (air)  should  increase  the  total  conductivity  as  well.  ’ 
Another  beneficial  aspect  of  the  densification  is  that  the  decreased  porosity  may  retard  Li 
volatilization  during  sintering.  As  mentioned  earlier,  sintering  at  higher  temperatures  has  been 
known  to  increase  density  while  simultaneously  volatilizing  more  Li.  Thus  there  is  a  tradeoff  in 
terms  of  the  optimum  density  versus  Li  content  at  a  specific  sintering  temperature.  Therefore,  a 
detailed  study  of  the  sintering  temperature  and  its  effect  on  density  and  Li  content  is  needed.  By 
optimizing  the  sintering  schedule  to  maximize  the  density  while  ensuring  that  Li  loss  is 
mitigated,  LLTO  can  be  synthesized  to  optimize  it  for  use  in  Li-air  battery  applications.  This 
study  will  examine  the  sintering  behavior  of  LLTO  for  the  optimization  of  density,  and  the  phase 
character  will  be  evaluated  from  X-ray  diffraction  (XRD)  and  the  microstructure  of  the  pellets 
will  be  examined  using  optical  microscopy  and  scanning  electron  microscopy  (SEM). 
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2.  Experiment/Calculations 


The  LLTO  powder  was  synthesized  by  mixing  stoiehiometrie  amounts  Li2C03,  La203,  and  Ti02 
in  isopropyl  alcohol  via  ball  milling  for  24  h.  The  stoichiometry  was  modified  to  include  10% 
excess  Li  to  compensate  for  Li  volatilization  during  sintering.  After  solvent  evaporation,  the 
powder  was  calcined  at  1,100  °C  for  1  h  in  air  to  remove  all  organics.  For  comparison  with  the 
in-house  US  Army  Research  Laboratory  (ARL)  synthesized  powder,  a  commercially  available 
powder  was  also  used  for  sintering  studies.  The  calcined  in-house  synthesized  powder  and  the 
commercial  powder  were  uni-axially  pressed  into  pellets  at  5,000  psi  in  a  13-mm-diameter  die. 
The  pressed  pellets  were  then  vacuum-sealed  into  plastic  bags  and  cold  isostatically  pressed 
(CIPed)  at  30,000  psi  for  30  s.  The  pressed  pellets  were  placed  in  alumina  crucibles  containing  a 
sacrificial  powder  bed  of  previously  sintered  LLTO  powder.  The  powder  bed  was  used  to 
provide  a  Li20-vapor-rich  local  environment  around  the  pellets  during  sintering,  which 
compensates  for  the  Li  vaporization  that  occurs  above  approximately  800  °C.^  The  pellets  and 
powder  bed  were  sintered  at  various  temperatures  from  1,100  °C  to  1,350  °C  using  a  Thermcraft 
box  furnace.  The  sintering  process  included  a  ramp  rate  of  10  °C/min  up  to  the  set  temperature,  a 
hold  time  of  5  h,  and  a  30  °C/min  ramp-down  to  approximately  60  °C.  Following  the  completion 
of  the  sintering  procedure,  the  pellets  were  ground  down,  to  remove  any  residual  powder  bed, 
using  silicon  carbide  sandpaper.  The  pellets  were  then  rinsed  in  water  and  left  in  a  200  °C  oven 
to  ensure  complete  water  evaporation. 


The  density  was  measured  using  3  techniques:  a  volumetric  technique  and  2  variations  of  the 
Archimedes  method  using  a  Mettler-Toledo  AX205  balance.  In  the  volumetric  technique,  the 
diameter,  thickness,  and  dry  mass  were  used  to  calculate  the  density.  The  first  Archimedes 
density  measurement,  often  referred  to  as  the  apparent  density,  was  calculated  using  the  dry  mass 
and  the  suspended  wet  mass,  as  given  by  Eq.  1 . 


_  ^dry 

Papparent  -  (ynary-msusp) 


*  Pwater  • 


(1) 


For  the  second  Archimedes  density  technique,  referred  to  as  the  bulk  density,  the  pellets  were 
placed  in  deionized  water  and  evacuated  to  infiltrate  the  open  porosity  with  water.  The  saturated 
mass  and  the  saturated  suspended  mass  were  taken  after  2  days  in  vacuum,  allowing  the  pellets 
to  fully  de-gas.  The  density  was  then  calculated  according  to  Eq.  2. 


Pbulk 


(j^sat  ^susp) 


Pwater  • 


Using  these  values  for  the  pellet  mass,  the  apparent  and  bulk  densities  (given  by  Eqs.  1  and  2, 
respectively)  were  calculated.  The  bulk  density  is  a  critical  parameter  to  consider  for  sintering 
studies  because  it  is  a  measure  of  the  open  porosity.  Therefore,  the  use  of  both  apparent  and  bulk 
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densities  provide  information  on  the  eeramie  density  as  well  as  the  closed  and  open  porosity  for 
each  sample.  For  example,  if  the  bulk  density  and  the  apparent  density  are  very  similar,  the 
sample  contains  very  little  open  porosity. 

XRD  analysis  was  done  on  the  sintered  samples  to  determine  crystallographic  and  phase 
information  of  the  ceramic  pellets.  XRD  patterns  were  taken  on  a  Rigaku  MiniFlex  II,  operating 
at  30  kV  and  15  mA  over  IO°-8O°20  with  a  step  size  of  O.5°20.  Optical  microscopy  was  done 
using  a  Leica  DM  LM  optical  microscope.  A  Hitachi  4700  SEM  was  used  to  observe  the  sintered 
microstructures  of  the  ceramic  pellets  (fractured  cross  sections),  typically  using  an  accelerating 
voltage  of  2-5  kV  to  minimize  charging  of  the  ceramic.  Surface  area  measurements  were  done 
using  a  Micromeritics  Accelerated  Surface  Area  and  Porosimetry  (ASAP)  System  2010. 


3.  Results  and  Discussion 


Figure  2  and  Table  1  show  the  densities  of  the  LLTO  pellets  that  were  made  using  the  in-house 
synthesized  powder.  Both  Fig.  2  and  Table  1  indicate  that  the  density  was  a  maximum  at 
1,200  °C.  Figure  3  and  Table  2  show  the  densities  of  the  LLTO  pellets  that  were  made  from  the 
commercial  powder;  again  the  density  was  optimized  at  a  sintering  temperature  of  1,200  °C.  In 
both  sets  of  LLTO  powder,  the  lower  sintering  temperatures  resulted  in  lower  densities,  as 
expected. 

Samples  sintered  above  1 ,200  °C,  however,  also  showed  lower  densities,  which  may  be  a  result 
of  Li  loss.  In  both  Lig.  2  and  Lig.  3,  the  volumetric  densities  were  significantly  lower  than  the 
Archimedes  densities  for  the  sample  sintered  at  1,100  °C,  indicating  that  porosity  was  present  in 
the  samples  since  the  volumetric  density  does  not  take  porosity  into  account.  Lor  the  commercial 
powder,  at  sintering  temperatures  below  1,200  °C,  pellet  densities  were  within  90%  of  the 
theoretical  density,  which  for  tetragonal  LLTO  is  approximately  5.05  g/cm  .  The  densities  of  the 
pellets  sintered  at  1,200°C  achieved  greater  than  95%  of  the  theoretical  density  for  the 
commercial  powder.  Sintering  temperatures  higher  than  1,200  °C  were  shown  to  produce 
samples  with  lower  densities — as  low  as  89%  theoretical  density.  Samples  designated  “N/A”  in 
Tables  1  and  2  could  not  be  characterized  via  the  specified  method.  Lor  example,  the  1,300  °C 
pellets  were  concave  in  shape  rather  than  fiat  and  circular  as  the  other  pellets  were  after 
sintering,  hence  the  volumetric  method  was  not  used  for  density  calculations.  Lurthermore,  when 
the  powder  bed  was  sanded  off  the  1,300  °C  sintered  pellets,  expansive  cracks  formed  and  the 
ceramic  pellets  broke.  The  1,300  °C  pellets  will  be  discussed  in  more  detail  in  the  following 
sections. 
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Fig.  2  Pellet  densities  (volumetric  density,  apparent  density,  and  bulk 

density)  as  a  function  of  the  sintering  temperature  for  the  in-house 
synthesized  LLTO  powder 


Table  1  Volumetric,  apparent,  and  bulk  densities  of  pellets  made  from  in-house  synthesized  LLTO  powders 


Sample 

Volumetric  Density 
(g/cm^) 

Apparent  Density 
(g/cm^) 

Bulk  Density 
(g/cm^) 

ARL  1,100  °C 

4.1064  ±0.0656 

4.7281  ±0.0574 

4.8223 

ARL  1,150  °C 

4.6927  ±0.1211 

4.72  ±0.0314 

4.7337 

ARL  1,200  °C 

4.8352  ±0.1818 

4.873  ±0.0233 

N/A 

ARL  1,250  °C 

4.7594  ±0.1286 

4.7702  ±  0.0255 

4.7825 

ARL  1,300  °C 

N/A 

4.7062  ±0.0353 

4.7072 

ARL  1,350  °C 

4.484  ±0.1171 

4.5087  ±0.0205 

4.4806 
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Fig.  3  Pellet  densities  (volumetric  density,  apparent  density,  and  bulk 
density)  as  a  function  of  the  sintering  temperature  for  the 
commercial  LLTO  powder 


Table  2  Volumetric,  apparent,  and  bulk  densities  of  pellets  made  from  commercial  LLTO  powders 


Sample 

Volumetric  Density 
(g/cm^) 

Apparent  Density 
(g/cm^) 

Bulk  Density 
(g/cm^) 

Commercial  1,100  °C 

4.8057  ±0.0584 

4.8216±0.0115 

4.8199 

Commercial  1,150  °C 

4.8553  ±0.1595 

4.9101  ±0.0359 

4.9165 

Commercial  1,200  °C 

4.9166  ±0.1655 

N/A 

N/A 

Commercial  1,250  °C 

4.8597  ±0.0653 

4.8736  ±0.0312 

4.8633 

Commercial  1,300  °C 

N/A 

4.7574  ±0.0239 

4.7619 

Commercial  1,350  °C 

4.6086  ±0.3075 

4.6962  ±  0.0023 

4.7272 

Tables  1  and  2  both  indicate  that  the  Archimedes  method  for  measuring  apparent  density  is  more 
accurate  than  the  volumetric  method  because  the  standard  deviation  values  are  much  larger  for 
the  volumetric  densities.  Tables  1  and  2  also  clearly  demonstrate  that  the  apparent  and  bulk 
densities  are  very  similar  for  all  samples  except  the  in-house  powder  sintered  at  1,100  °C.  Since 
this  sample  had  a  fairly  low  density,  this  discrepancy  is  most  likely  due  to  a  significant  amount 
of  open  porosity  compared  with  the  other  samples,  which  contained  mainly  closed  porosity. 

Comparing  the  densities  of  the  pellets  sintered  from  the  in-house  synthesized  powder  and  the 
commercial  powder,  it  is  important  to  consider  the  particle  size  of  the  starting  powders.  Surface 
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area  measurements  were  done  using  a  Micromeritics  ASAP  System  2010,  following  the 
Brunauer,  Emmett,  and  Teller  (BET)  Theory  to  determine  the  surface  area,  and  the  estimated 
particle  size  of  the  LLTO  powders  was  calculated  using  Eq.  3. 


d  = 


6000 

(Abet  ^  p) 


(3) 


2 

In  Eq.  3,  Abet  is  the  surface  area  (in  meters  squared  per  gram  [m  /g])  and  p  is  the  density  of 
LLTO  (in  grams  per  centimeter  cubed  [g/cm  ]);  the  factor  of  6,000  accounts  for  the  geometry  of 
the  powder  and  gives  the  powder  size  in  nanometers.  The  in-house  synthesized  powder  had  a 
BET  surface  area  of  1.2002  ±  0.0136  m  /g,  which  gives  an  estimated  particle  size  of 
approximately  1  pm.  The  commercial  powder  had  a  BET  surface  area  of  1.2257  ±  0.0136  m  /g, 
which  gives  an  estimated  particle  size  of  approximately  979  nm.  Since  these  2  values  for  the 
surface  area  are  very  similar,  the  differences  in  the  sintered  density  values  are  most  likely  due  to 
the  phase  content  of  LLTO  prior  to  sintering  (percent  cubic  versus  tetragonal  phase),  the 
stoichiometry  (especially  the  relative  Li  content),  as  well  as  other  differences  that  may  occur 
during  powder  synthesis. 

Eigure  4  shows  optical  microscope  images  of  the  pellets  sintered  at  1,200  °C  and  1,300  °C  made 
from  the  in-house  synthesized  LLTO  powder.  In  Fig.  4a,  the  top  surface  of  the  pellet  sintered  at 
1,200  °C  is  shown,  and  the  corresponding  cross-sectional  view  of  the  fractured  pellet  is  shown  in 
Fig.  4b.  In  Fig.  4c,  the  cross  section  of  the  LLTO  pellet  sintered  at  1,300  °C  is  shown,  with  the 
concave  nature  of  the  pellets  clearly  visible.  The  slightly  lighter-colored  areas  on  the  top  and 
bottom  surfaces  of  the  pellet  consist  of  powder  bed  material  that  adhered  to  the  pellet,  as 
indicated  by  the  arrow  in  Fig.  4c. 


Fig.  4  Optical  microscope  images  of  LLTO  pellets:  a)  plan-view  of  the  1,200  °C  sintered 

pellet  with  the  cross  section  shown  in  b),  and  the  cross  section  of  the  1,300  °C  sintered 
pellet  in  c),  showing  the  concave  shape  with  powder  bed  on  the  surfaces 
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Figure  5  shows  SEM  images  of  fracture  surfaces  of  LLTO  samples  sintered  at  1,100  °C  and 
1,350  °C  (using  in-house  synthesized  powder).  These  2  representative  temperatures  were  chosen 
to  highlight  the  difference  in  grain  size.  Fracture  surfaces  were  used  for  SEM  analysis  since 
thermal  etching  may  cause  slight  grain  growth,  thus  complicating  the  grain  size  analysis  as  a 
function  of  the  sintering  temperature.  Fracture  surfaces  are  also  very  useful  in  imaging  porosity, 
since  samples  tend  to  fracture  along  pores  and  voids  in  the  material.  Figure  5  indicates 
significant  grain  growth  as  the  sintering  temperature  is  increased  as  well  as  a  decrease  in  porosity 
with  sintering  temperature.  XRD  revealed  that  the  pellets  were  mainly  tetragonal-phase  FFTO, 
given  by  the  space  group  P4/mmm.  FFTO  has  the  perovskite  crystal  structure  given  by  the 
general  formula  ABO3.  The  tetragonal  structure  is  usually  stabilized  upon  cooling  from  the 
sintering  temperature  unless  the  cooling  is  extremely  rapid  (as  in  a  liquid  nitrogen  quench),  in 
which  case  the  cubic  phase  (Pm-3m)  is  stabilized.’  Figure  6  shows  the  XRD  patterns  for  the 
in-house  synthesized  FFTO  pellets  sintered  at  1,100  °C,  1,200  °C,  1,300  °C,  and  1,350  °C.  The 
XRD  patterns  of  ARE  powder  showed  a  small  percentage  of  a  secondary  spinel  phase,  FiTi204, 
in  addition  to  the  tetragonal  FFTO  in  samples  sintered  at  1,100  °C,  1,200  °C,  and  1,350  °C,  but 
no  secondary  phase  was  detected  in  the  sample  sintered  at  1,300  °C. 


Fig.  5  SEM  images  of  fracture  surfaces  of  LLTO  samples  sintered  at  a)  1,100  °C  and  b)  1,350  °C 
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Fig.  6  XRD  patterns  for  LLTO  pellets  sintered  at  1,100  °C,  1,200  °C,  1,300  °C,  and 
1,350  °C  (red  boxed  area  is  magnified  in  Fig.  7) 


The  slight  differences  in  phase  composition  are  thought  to  be  due  to  Li  volatilization  out  of  the 
LLTO  structure.  Below  1,300  °C  there  is  still  excess  Li  in  the  sintered  pellets  as  evidenced  by 
the  small  amount  (less  than  2  wt%)  of  the  Li-rich  LiTi204  phase.  The  presence  of  the  LiTi204 

Q 

phase  has  previously  been  observed  in  the  synthesis  of  LLTO  ceramics.  In  the  1,300  °C  sintered 
sample  it  appears  that  the  enhanced  Li  volatilization  balances  out  the  excess  Li  added  to  the 
LLTO  during  synthesis,  which  results  in  phase-pure  LLTO  with  no  secondary  phases.  The 
1,350  °C  sintered  sample  would  also  be  expected  to  be  phase-pure  but  contained  the  highest 
percentage  of  secondary  phase — up  to  3  wt%  LiTi204  (as  determined  by  XRD  phase  analysis). 
The  reasons  for  this  discrepancy  are  not  well  understood  but  it  is  believed  to  be  a  combined 
effect  of  Li  volatilization,  preferred  grain  growth,  and  crystallite  size  (described  in  the 
following). 

The  XRD  pattern  of  the  LLTO  pellet  sintered  at  1,300  °C  had  significant  differences  in 
comparison  with  the  other  samples.  To  further  demonstrate  this.  Fig.  7  shows  the  magnified 
XRD  patterns  from  the  1,200  °C  and  the  1,300  °C  sintered  LLTO  samples.  The  patterns  show  a 
slight  difference  in  the  peak  intensities  of  the  tetragonal  LLTO  in  the  samples  sintered  at 
1,200  °C  and  1,300  °C,  which  is  evidence  of  slight  preferred  crystallographic  orientation  in  the 
1,300  °C  sintered  LLTO  samples. 
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Fig.  7  Magnified  view  of  the  boxed  region  in  Fig.  6,  showing  XRD  patterns  for  the 

1,300  °C  sintered  sample  (top)  and  the  1,200  °C  sintered  sample  (bottom).  Major 
crystallographic  planes  are  labeled. 


The  1,100  °C  sample  had  the  eharaeteristie  peaks  with  expeeted  intensity  ratios  for  tetragonal 
LLTO.  This  ineludes  the  most  intense  peak  at  32°20,  the  (110)  peak.  The  XRD  pattern  for  the 
1,300°C  samples  has  its  most  intense  peak  at  46°20,  the  (200)  peak.  In  faet,  when  the  1,300  °C 
sintered  sample  was  erushed  and  ground  to  a  fine  powder,  the  XRD  pattern  had  the  expeeted 
peak  intensity  ratios  due  to  random  orientation  of  the  erystallites  in  powder  form.  This  slight 
(200)  preferred  orientation  in  the  LLTO  sintered  pellet  may  have  been  eaused  by  Li  loss  from 
high  sintering  temperature  (1,300  °C)  along  with  grain  growth  in  speeifie  direetions. 

Figure  8  shows  the  ealeulated  erystallite  size  from  line  broadening  in  the  XRD  patterns  for  the 
sintered  pellets  from  the  in-house  synthesized  LLTO  powder.  Instrument  broadening  was 
ealibrated  by  measurement  and  analysis  of  the  National  Institute  of  Standards  and  Teehnology 
Si-standard  640a.^  The  erystallite  size  reaehed  a  maximum  of  approximately  1,400  A  when 
sintered  at  1,300  °C,  whieh  is  assoeiated  with  the  large  grains  observed  in  SEM.  It  is  interesting 
that  the  maximum  erystallite  size  (1,300  °C  sample)  and  the  highest  density  (1,200  °C  sample) 
do  not  oeeur  at  the  same  sintering  temperature.  Therefore,  grain  growth  alone  eannot  aeeount  for 
the  high  density  in  the  1,200  °C  sintered  sample,  and  the  high  density  is  most  likely  due  to  a 
eombination  of  grain  growth  and  optimized  Li  stoiehiometry.  The  espeeially  large  grain  size  in 
the  1,300  °C  sample  may  be  due  to  the  preferential  grain  growth  in  this  sample  beeause  the  XRD 
patterns  (Fig.  7)  indieate  a  slight  (200)  erystallographie  orientation  in  the  1,300  °C  sintered 
sample. 
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Fig.  8  Crystallite  size  of  sintered  pellets  made  from  the 
in-house  synthesized  powder  as  a  function  of 
sintering  temperature 


4.  Summary  and  Conclusions 


Sintering  experiments  were  eompleted  on  LLTO  made  from  a  powder  synthesized  in-house  at 
ARL  as  well  as  a  eommereial  powder.  LLTO  pellets  were  sintered  from  1,100  °C  to  1,350  °C  for 
5  h  in  air  using  a  powder  bed  eontaining  10%  exeess  Li.  Three  teehniques  were  used  to  measure 
the  densities,  and  the  LLTO  pellets  were  evaluated  using  optieal  mieroseopy,  SEM,  and  XRD. 
The  sintering  studies  showed  that  LLTO  aehieved  optimum  density  at  1,200  °C,  reaehing  more 
than  95%  of  the  theoretieal  density.  LLTO  pellets  that  were  sintered  at  temperatures  either  below 
or  above  1,200  °C  had  lower  densities.  XRD  showed  that  the  samples  were  mainly  tetragonal- 
phase  LLTO,  with  small  amounts  of  a  seeondary  phase  with  nominal  eomposition,  LiTi204.  The 
1,300  °C  pellets  had  no  deteetable  seeond  phase,  and  the  XRD  patterns  showed  evidenee  of  a 
slight  preferred  orientation  of  the  LLTO  phase.  Maeroseopieally,  the  1,300  °C  pellets  also 
appeared  eoneave  and  had  the  largest  erystallite  size.  More  work  is  needed  to  understand  these 
interesting  results  that  oeeur  at  a  sintering  temperature  of  1,300  °C  but  it  appears  that  these 
effeets  are  due  to  a  eombined  effeet  of  Li  volatilization  and  preferred  grain  growth. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


ARL 

US  Army  Research  Eaboratory 

ASAP 

Accelerated  Surface  Area  and  Porosimetry 

BET 

Brunauer,  Emmett,  and  Teller  (BET)  Theory 

CIP 

cold  isostatically  pressed 

LLTO 

Ei3xEa(2/3)-xTi03 

SEM 

scanning  electron  microscopy 

XRD 

X-ray  diffraction 
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